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$EVWUDFW
7KH LQIOXHQFH RI SURFHVV FXWWLQJ SDUDPHWHUV VXFK DV IHHG UDWH GULOO GLDPHWHU W\SH RI GULOO ELW DQG VSLQGOH VSHHG RQ WKUXVW IRUFH
SURGXFHG RQ GULOOLQJ RI *ODVV )LEHU 5HLQIRUFHG 7KHUPRSODVWLF SRO\PHU *)573 &RPSRVLWH PDWHULDO LV EHLQJ VWXGLHG 7KUXVW
IRUFH LV DQ LPSRUWDQW DQG XQDYRLGDEOH SDUDPHWHU LQ KROH PDNLQJ RSHUDWLRQ 'ULOOLQJ LV ILQDO DQG LPSRUWDQW RSHUDWLRQ LQ DVVHPEO\
RI FRPSRQHQWV 'ULOOLQJ RIWKHUPRSODVWLF FRPSRVLWH PDWHULDOV VKRXOG KDYH JRRG LQWHUODPLQHU TXDOLW\ DQG GLPHQVLRQDO VWDELOLW\
'ULOOLQJ LV QRW SURSHUO\ GRQH WKHQ LW DIIHFWV WKH PDWLQJ RI WZR FRPSRQHQWV DVVHPEO\ WROHUDQFH UHGXFHV WKH SHUIRUPDQFH DQG
GHFUHDVHV WKH QXPEHU RI F\FOH SHU FRPSRQHQWV ([SHULPHQW LV FRQGXFWHG ZLWK KHOS RI9HUWLFDO 0DFKLQLQJ &HQWHU 90& ,QSXW
SDUDPHWHU LV WDNHQ LQ DFFRXQW RI 6ROLG &DUELGH PDWHULDO %UDG DQG VSXU GULOO ELW ZLWK WKUHH GLIIHUHQW GULOO GLDPHWHUV OLNH   DQG
PP 7KH H[SHULPHQWDOUHVXOW LQGLFDWHWKDW IHHG UDWHDQG GULOO GLDPHWHU LVWKH LPSRUWDQW IDFWRU IRU WKHLQFUHDVH LQ WKHWKUXVW IRUFH
DQG VSLQGOH VSHHG LV WKH PDQ IDFWRU IRU FKDQJH LQ WRUTXH E\ XVLQJ 'HVLJQ RI ([SHULPHQWV '2( 7KH RSWLPL]DWLRQ RI FXWWLQJ
SDUDPHWHUV GXULQJ GULOO LV FDUULHG RXW XVLQJ %R[%HKQNHQ 'HVLJQ DQG DQDO\VLV RI YDULDQFH$129$
  7KH$XWKRUV 3XEOLVKHG E\ (OVHYLHU /WG
6HOHFWLRQ DQG SHHUUHYLHZ XQGHU UHVSRQVLELOLW\ RI 2UJDQL]LQJ &RPPLWWHH RI $00( 
.H\ZRUGV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 ,QWURGXFWLRQ
1RZDGD\V JODVV ILEUH UHLQIRUFHG WKHUPRSODVWLFV *)573 FRPSRVLWHV DUH ZLGHO\ XVHG LQ DXWRPRWLYH DHUR DQG
FKHPLFDO LQGXVWULHV GXHWR JRRG SURSHUW\ RI PDWHULDO FKHDS DQG UHDG\ DYDLODELOLW\ RI PDWHULDO ,W KDV JRRG
PHFKDQLFDO SURSHUWLHV DQG D KLJK VWUHQJWKWR ZHLJKW UDWLR &RPSRVLWH PDWHULDOV'ULOOLQJ &KDUDFWHULVWLFV GLIIHUV IURP
WKH PHWDO GULOOLQJ GXH WKHLU LQKRPRJHQHRXVDQG DQLVRWURSLF QDWXUH 3UHVHQW VFHQDULR PDQXIDFWXUHV WKH XSGDWHV RI
GULOOLQJWHFKQLTXHV DQG QHHG WR PDQXIDFWXUH KLJKO\ SUHFHVVLRQ FRPSRQHQWV 7KH PDLQ REMHFWLYH RI WKH SUHVHQW ZRUN
LV WR VWXG\WKH LQIOXHQFH RI GULOOLQJDQG PDWHULDO YDULDEOHV RQ WKH 7KUXVW IRUFH RI *)53 FRPSRVLWHV ,Q UHFHQW \HDUV
PHWKRGV RI KROH PDNLQJ SURFHVV DUH OLVWHG $PRQJVW WKHP GULOOLQJ LV WKH PRVW JHQHUDO PHWKRG IROORZHG E\ VWUXFWXUDO
MRLQLQJ + +RFKHQJHW DO  KDYH VWXGLHG WKH PHFKDQLFV RI WKH GULOOLQJ RI FRPSRVLWH PDWHULDOV DORQJ ZLWK WKH
TXDOLW\ RI WKH KROH DQG DOVR WKH HIIHFWV RI WRRO JHRPHWU\ DQG WRRO PDWHULDO %KDWWDFKDU\D HW DO  KDYH UHSRUWHG
WKH GHODPLQDWLRQ GDPDJH WKHUPDO GDPDJH ILEHU GDPDJH OLNH ILEHU SXOO RXW DQG PDWUL[ FUDWHULQJ WKDW KDV GHYHORSHG
GXH WR WKH VHOHFWLRQ RI LPSURSHU FXWWLQJ SDUDPHWHUV -0 :KLWQH\ HW DO  KDYH SUHVHQWHG WKDW WKH IDLOXUH
VWUHVVHV DQG VWUDLQ DW PD[LPXP VWUHVV DUH UHGXFHG DV WKH KROH GLDPHWHU LV LQFUHDVHG WKHRUHWLFDOO\ WKH SUHVHQFH RI D
KROH RU PDFUR YRLGV DOVR OHDGV WR DQ LQFUHDVH LQ VWUHVV FRQFHQWUDWLRQ HIIHFWV QHDU WR WKH KROH ERXQGDU\ 7KLV KDV
LQIOXHQFHG WKH VWUHVVWR EH WUDQVIHUUHG IURP RQH SRLQW WR DQRWKHU SRLQW WKURXJKWKH GLVFRQWLQXRXV ILEHU %UHQW 
KDV UHSRUWHG WKDW DPRQJVW DOO PDWHULDOV WKH WKHUPRSODVWLF PDWUL[ SRO\FDUERQDWH LV KLJKO\ XVHG DV D PDWUL[ LI D
FRPSRVLWH PDWHULDO SRVVHVVHV KLJK KDUGQHVV DQG WRXJKQHVV7KH PDMRU DSSOLFDWLRQ RI SRO\FDUERQDWH LV WR PDNH
KRXVLQJV FRPSXWHU PRQLWRUV DQG SULQWHUFRPSRQHQWV $QWyQLR HW DO  KDYH SUHVHQWHG WKDW WKH SURSHU VHOHFWLRQ
RI FXWWLQJ SDUDPHWHUV OLNH IHHG UDWH VSLQGOH VSHHG DQG GULOO JHRPHWU\ LQ RUGHU WR UHGXFH WKUXVW IRUFH DQG
FRQVHTXHQWO\ UHGXFH WKH GHODPLQDWLRQ LV SRVVLEOH 9LNNL )UDQNH  KDV LQYHVWLJDWHG WKH LQIOXHQFH RI FXWWLQJ
SDUDPHWHUV JODVV ILEHU FRQWHQW LQ WKH ZRUN SLHFH PDWHULDO DQG FXWWLQJ HGJH RQ WKH PDFKLQLQJ UHVXOWV ZHUH VWXGLHG
$Q LQFUHDVH RI IHHG IRUFH OHDGV WR D GHFUHDVH LQ KROH TXDOLW\ 5DMD HW DO  KDYH SUHVHQWHG WKDW WKH KLJKHU
VSLQGOH VSHHG DQG ORZHU IHHG UDWH DUH HIIHFWLYHO\ HPSOR\HG WR KDYH KROHV ZLWKRXW GHODPLQDWLRQ 9LNDV 'KDZDQ HW DO
 KDYH SUHVHQWHG PRUH GDWD VHWV ZKLFK FDQ EH LQFRUSRUDWHG ZLWK PRUH H[SHULPHQWDWLRQ ZKLFK OHDGV WR KLJKHU
DFFXUDF\ RI WKH SUHGLFWLYH WRRO 3DODQLNXPDU DQG 3DXOR 'DYLP  KDYH VWXGLHG WKDW WKH JODVV ILEHU UHLQIRUFHG
FRPSRVLWHV DQG DQDO\VLV LQ WKH LQIOXHQFH RI YDULRXV FXWWLQJ SDUDPHWHUV VXFK DV IHHG UDWH VSLQGOH VSHHG DQG ODPLQDWH
WKLFNQHVV 3DODQLNXPDUHW DO  KDYH FRQFOXGHG WKDW WKH LQFUHDVH RI GULOO GLDPHWHU LQFUHDVHV WKH WKUXVW IRUFH
ZKLFK UHVXOWV LQ WKH LQFUHDVH RI GHODPLQDWLRQ GDPDJH LQ GULOOLQJ RI JODVV ILEHU UHLQIRUFHG FRPSRVLWHV
 ([SHULPHQWDO VHW XS
 0DWHULDO
,Q WKLV VWXG\ )LOP VWRFNLQJ WHFKQLTXH LV XVHG DV WKH PHWKRG IRU PDQXIDFWXULQJ RI 7KHUPRSODVWLF &RPSRVL WH
PDWHULDOV 7KH :RUNSODWH LV IDEULFDWHG E\ +RW &RPSUHVVLRQ0ROG PDFKLQH 7KH *)573 ODPLQDWHV KDYH  PP
WKLFNQHVV DQG  PP [  PP GLPHQVLRQ SODWH ZKLFK DUH SUHSDUHG DV WKH VWRFN PDWHULDOV 7KH VWRFN KDV VHYHQ
QXPEHUV RI *ODVV )LEHU 5HLQIRUFHG ZRYHQ PDW DQG VL[ QXPEHU RI  PP WKLFNQHVV 3RO\FDUERQDWH VKHHW
 'ULOOLQJ
D  	  PP E *)53&
)LJ  D %UDG DQG 6SXU 'ULOO %LW XVHG E 7\SLFDO 6SHFLPHQ
2154   T. Srinivasan et al. /  Procedia Materials Science  5 ( 2014 )  2152 – 2158 
7KH GULOOLQJ SURFHVV LV FRQGXFWHG RQ 9HUWLFDO 90&  PDFKLQLQJ FHQWUH 7KH H[SHULPHQW FRQGXFWHG LV VKRZQ
LQ WKH IROORZLQJ RQ WDEOH 7KUHH GLIIHUHQW GULOO GLDPHWHU µ%UDG DQG VSXU¶ ELWDUH XVHGDVD FXWWLQJ WRRO 7KH GULOO ELW
LV PDGH RI VROLG FDUELGH WRRO PDWHULDO KDYLQJ GLDPHWHUV RI   DQG PP 7KH VSHHG UDQJH YDULHV IURP  USP
WR  USP DQG WKH IHHG UDWH VWDUWV IURP  WR  PPPLQ









  	 
 WR 
 'ULOO '\QDPRPHWHU
7KH H[SHULPHQW LV FRQGXFWHG XQGHU GU\ GULOOLQJ FRQGLWLRQ .LVWOHU  % PRGHO D[HV SLH]RHOHFWULF
G\QDPRPHWHU LV XVHG WR PHDVXUH WKH WKUXVW IRUFH 7KH UDQJH RI IRUFH LV PHDVXUHG XSWR  N1 7KH GULOOLQJ .LVWOHU
G\QDPRPHWHU G\QDPRPHWHULV FRQQHFWHG WR D PXOWL FKDQQHO  $ FKDUJH DPSOLILHU WKURXJK D SHUVRQDO FRPSXWHU
IRU GDWD DFTXLVLWLRQ DQG SURFHVVLQJ
G ±  PP
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)LJ  'DPDJHG 'ULOO KROHV
 $WRPLF IRUFH PLFURVFRSH $)0
)LJ $)0 ' DQG ' LPDJHV RI *ODVV )LEHU ZLWK 3RO\FDUERQDWH PDWUL[ &RPSRVLWHV
7KH GULOOHG KROH VXUIDFH LPDJHLV FDSWXUHG E\ $WRPLF )RUFH PLFURVFRSH $)0 ,Q WKLV W\SH WKH PLFURVFRSH KDV
D UHFWDQJXODU SUREH ZLWK D VKDUS WLS DQG WKLV SUREH HQG FDSWXUHV WKH KROH VXUIDFH RI YHU\ KLJK UHVROXWLRQ LPDJHV ,W
KDV DOVR SURGXFHG WKH UHVROXWLRQ RI IUDFWLRQV RI D QDQRPHWHU 7KH *ROG FRDWHG VLOLFRQ QLWULGH UHFWDQJXODU VKDSH
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FDQWLOHYHU W\SH SUREH PHDVXUHV WKH VXUIDFH URXJKQHVV RI *ODVV )LEHU 5HLQIRUFHG 3RO\FDUERQDWH &RPSRVLWHV
*)5737KH KDUG VXUIDFH LPDJH KDV VKRZ LQ WKH DERYH ILJ 
 0RGHOLQJ DQG 2SWLPL]DWLRQ XVLQJ UHVSRQVH VXUIDFH PHWKRGRORJ\
$  UXQ IXOO IDFWRULDO H[SHULPHQW ZLWK WKUHH LQSXW SDUDPHWHU HDFK YDULHG DW WKUHH LQSXW SDUDPHWHU DQG HDFK
YDULHG DW  OHYHOV RQ 7DJXFKL WHFKQLTXHDQG GHVLJQ PDWUL[ LV VKRZQ LQ 7DEOH  3DODQLNXPDU HW DO  KDYH EHHQ
UHVXOWHG WKH GDPDJH IRUPHG E\ WKH GULOOLQJ RI FRPSRVLWH SDQHOV IRU GLIIHUHQW FXWWLQJ SDUDPHWHUVOLNH IHHG UDWH GULOO
GLDPHWHU DQG VSLQGOH VSHHG XVLQJ %R[%HKQNHQ GHVLJQ
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$YHUDJH RI UHVXOWV
 5HVXOW DQG 'LVFXVVLRQ
7KH WKUXVW IRUFH KDV EHHQ GHYHORSHG GXULQJ WKH GULOOLQJ RI *ODVV )LEHU 5HLQIRUFHG 3RO\FDUERQDWH SRO\PHU
FRPSRVLWH ODPLQDWH DQG LW LV REVHUYHG ZLWK WKH KHOS RI %R[%HKQNHQ GHVLJQ PRGHO E\ GHYHORSLQJ YDULRXV '
UHVSRQVH VXUIDFH SORWV )LJ  VKRZV WKH LQWHUDFWLRQ HIIHFWV RI WKH IHHG UDWH DQG WKH VSLQGOH VSHHG RQ WKH WKUXVW IRUFH
ZLWK WKUHH GLIIHUHQW W\SHV RI GULOO GLDPHWHU ZKLFK KDV KHOG FRQVWDQW7KH H[SHULPHQWDOO\ SURYHG WKDW WKH ILJXUH
LQGLFDWHV WKH LQFUHDVH ZKLFK DOVR RI IHHG UDWH LQFUHDVHV WKH WKUXVW IRUFH LQ GULOOLQJ ,Q *HQHUDO WKH WKUXVW IRUFH LV
JHQHUDWHG E\ WKH VHOHFWLRQ RI LPSURSHU FXWWLQJ SDUDPHWHUV VXFK DV IHHG UDWH VSLQGOH VSHHG VKDSH RI GULOO GULOO
JHRPHWU\ :KHQ GULOOLQJ WKH GULOO ELW PRYHV RSSRVLWH WR WKH ZRUNSODWH DQG GHYHORSV D FRPSUHVVLYHWKUXVW IRUFH RQ
WKH ZRUN SODWH ,Q WKLV FRPSUHVVLYH IRUFHWKH FRPSRVLWH SODWH XQGHU WKH GULOO WHQGVWR EH SLHUFHGDQG UHPRYHG DZD\
IURP WKH LQWHUIDFLDO RU LQWHUODPLQDU ERQG DURXQG WKH KROH
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D 5HVSRQVH JUDSK IRU WKUXVW IRUFH ZLWK
UHVSHFW WR YDU\LQJ IHHG UDWH DQG VSLQGOH VSHHG
E 5HVSRQVH JUDSK IRU WKUXVW IRUFH ZLWK
UHVSHFW WR YDU\LQJ 'ULOO 'LDPHWHUDQG IHHG UDWH
F 5HVSRQVH JUDSK IRU WKUXVW IRUFH ZLWK
UHVSHFW WR YDU\LQJ 'ULOO 'LDPHWHUDQG 6SLQGOH 6SHHG
)LJ  ,QWHUDFWLRQ (IIHFW EHWZHHQ WKH SDUDPHWHUV VSLQGOH VSHHG DQG IHHG UDWH DQG GULOO GLDPHWHU RQ 7KUXVW )RUFH
7KH HIIHFW RI LQWHUDFWLRQ EHWZHHQ WKH SDUDPHWHUV DUH DQDO\VHG E\ XVLQJ WKUHH GLPHQVLRQDO UHVSRQVH JUDSKV
7KUHH GLPHQVLRQDO UHVSRQVH JUDSKV DUH WKH JUDSKV ZKLFK VKRZ WKH HIIHFW RI WZR YDU\LQJ SDUDPHWHUV E\ NHHSLQJ WKH
WKLUG SDUDPHWHU DW FRQVWDQW PLGGOH OHYHO )LJ  D VKRZV WKH HIIHFW RI IHHG UDWH DQG VSLQGOH VSHHG RQ WKH 7KUXVW
IRUFH LQ WKH GULOOLQJ RI *)53& FRPSRVLWHV7KH UHVXOWV VKRZ WKDW WKH LQFUHDVHV RI IHHG UDWH VOLJKWO\ LQFUHDVH WKH
WKUXVW IRUFH LQ WKH GULOOLQJ RI *)53& FRPSRVLWHV DV GLVFXVVHG HDUOLHU )LJ E VKRZV WKH HIIHFW RI GULOO GLDPHWHU
DQG IHHG UDWH LQ WKH GULOOLQJ RI WKHUPRSODVWLF FRPSRVLWH PDWHULDOV 7KH UHVXOWV LQGLFDWH WKDW WKH LQFUHDVH RI GULOO
GLDPHWHU VOLJKWO\ LQFUHDVHV WKH WKUXVW IRUFH LQ WKH GULOOLQJ RI *)53& FRPSRVLWHV )LJ F VKRZV WKH HIIHFW RI GULOO
GLDPHWHU DQG VSLQGOH VSHHG LQ WKH GULOOLQJ RI *)53& FRPSRVLWHV ZLWK UHVSHFW WR WKH WKUXVW IRUFH  7KH UHVXOWV
LQGLFDWH WKH VDPH WUHQGV DV GLVFXVVHG HDUOLHU 7KH H[SHULPHQWDO UHVXOWV LQGLFDWH WKDW WKH IHHG UDWH DQG WKH GULOO
GLDPHWHU KDYH KLJK LQIOXHQFH ZKLFK DIIHFW WKH WKUXVW IRUFH LQ WKH GULOOLQJ RI WKHUPRSODVWLF FRPSRVLWH PDWHULDOV )HHG
UDWH LV WKH KLJKO\ LQIOXHQWLDO SDUDPHWHUV ZKLFK DIIHFWV WKH 7KUXVW IRUFH )URP WKH DERYH GLVFXVVLRQ LW KDV EHHQ
LQIHUUHG WKDW WKH SURSHU XVDJH RI FXWWLQJ SDUDPHWHUV UHGXFH WKH WKUXVW IRUFH LQ WKH GULOOLQJ RI *)53& FRPSRVLWHV
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7KH VFDQQLQJ HOHFWURQ PLFURJUDSK RI WKH GULOOHG VXUIDFH LV SUHVHQWHG LQ )LJ ZKLFK VKRZV WKH GULOOHG KROH DQG
PDJQLILHG SRUWLRQ RI WKH KROH GULOOHG
D 7\SLFDO WKUXVW IRUFH *UDSK E 7\SLFDO7KUXVW IRUFH 9V 7RUTXH 9V 7DQJHQWLDO )RUFH
)LJ 7\SLFDO WKUXVW IRUFH REVHUYHG IRU GULOOLQJFRPSRVLWHV XVLQJ G\QDPRPHWHUDW GLIIHUHQW FRQGLWLRQV
7KH DERYH ILJ  VKRZV WKH W\SLFDO WKUXVW IRUFH JUDSK IRU *ODVV )LEHU 5HLQIRUFHG 3RO\FDUERQDWH PDWUL[
FRPSRVLWHV 7KH FXWWLQJ IRUFHV PHDVXUHG GXULQJ GULOOLQJ H[SHULPHQWV DUH UHIHUUHG WR DV WKUXVW D[LDO IRUFH ± )] >1@
DQG WRUTXH URWDWLRQDO PRPHQWXP ± ); >1P@'XULQJ W\SLFDO GULOOLQJ H[SHULPHQWV WKHVH IRUFHV DUH PHDVXUHG RQ WKH
WLPH VFDOH IURP GULOO HQWU\ LQWR WKH ZRUNSLHFH WR IXOO HQJDJHPHQW DQG GULOO H[LW IURP WKH PDWHULDO )LJLQWURGXFHV
DQ H[DPSOH RI VXFK PHDVXUHPHQWV H[WUDFWHG IURP RXU RZQ H[SHULPHQWDO LQYHVWLJDWLRQ RQ GULOOLQJ *ODVV )LEHU
5HLQIRUFHG 3RO\FDUERQDWH 0DWUL[ &RPSRVLWHV  PP LQ WKLFNQHVV XVLQJD  PP GLDPHWHU ʊ%UDG DQG 6SXUۅ GULOO ELW









)LJ  D )LEHU %UHDNDJH E 'DPDJH GXH WR GULOOLQJ 6FDQQLQJ(OHFWURQ 0LFURVFRSH LPDJHV RI *)53& PDWUL[FRPSRVLWHV
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,Q WKLV VWXG\ RQ GULOOLQJ RI *ODVV )LEHU 5HLQIRUFHG 3RO\FDUERQDWH 3RO\PHU 0DWUL[ *)573 7KHUPRSODVWLF
FRPSRVLWHV WKH IROORZLQJ FRQFOXVLRQV DUH GUDZQ EHORZ7KH LQIOXHQFH RI FXWWLQJ SDUDPHWHUV RQ WKUXVW IRUFH LQ
GULOOLQJ RI *)53& FRPSRVLWH PDWHULDOV H[SODLQHG ZLWK KHOS RI ' JUDSKV
x ,W LV IRXQG WKDW WKH WKUXVW IRUFH DQG GDPDJH YDOXHV LQFUHDVHV DV IHHG UDWH LQFUHDVHV IRU DOO WKH WKUHH GULOO
GLDPHWHUV XVHG GLPHQVLRQDOO\ DQG  PP
x 7KH LQFUHDVH RI IHHG UDWH DQG GULOO GLDPHWHU LQFUHDVHV WKH WKUXVW IRUFH LQ WKH GULOOLQJ RI *)573 FRPSRVLWH
PDWHULDOV
x 7KH UHVXOWV LQGLFDWH WKDW WKH LQFUHDVH RI VSLQGOH VSHHG VOLJKWO\ UHGXFH WKH WKUXVW IRUFH LQ GULOOLQJ RI
WKHUPRSODVWLF FRPSRVLWH PDWHULDOV
x +ROH VL]H LV RQH RI WKH UHDVRQ WR GHYHORS WKH WKUXVW IRUFH ,I LQFUHDVHV WKH KROH VL]H FRQVLGHUDEO\ LQFUHDVHV
WKH WKUXVW IRUFH
x 7KH PLQLPXP WKUXVW IRUFH LV DFKLHYHG DW KLJK VSLQGOH VSHHG ORZ IHHG UDWH DQG ORZ RU PRGHUDWH GULOO
GLDPHWHU
x :RUN ODPLQDWH WKLFNQHVV SOD\ YLWDO UROH LQ WKUXVW IRUFH GHYHORSHG
x )RU DQDO\VLQJ WKH UHVXOWV LQGHWDLO IXUWKHU UHVHDUFK LV UHTXLUHG
7DEOH 2SWLPXP3DUDPHWHU
)DFWRU 2SWLPXP 3DUDPHWHU
6SLQGOH 6SHHG USP 
'ULOO 'LDPHWHU PP 
)HHG 5DWH PPPLQ 
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